Both behavioral and neuroimaging evidence support a female advantage in the perception of human faces. Here we explored the possibility that this relationship may be partially mediated by female sex hormones by investigating the relationship between the brains response to faces and the use of oral contraceptives, as well as the phase of the menstrual cycle. First, functional magnetic resonance images were acquired in 20 young women [10 freely cycling and 10 taking oral contraception (OC)] during two phases of their cycle: mid-cycle and menstruation. We found stronger neural responses to faces in the right fusiform face area (FFA) in women taking oral contraceptives (vs freely cycling women) and during mid-cycle (vs menstruation) in both groups. Mean blood oxygenation level-dependent response in both left and right FFA increased as function of the duration of OC use. Next, this relationship between the use of OC and FFA response was replicated in an independent sample of 110 adolescent girls. Finally in a parallel behavioral study carried out in another sample of women, we found no evidence of differences in the pattern of eye movements while viewing faces between freely cycling women vs those taking oral contraceptives. The imaging findings might indicate enhanced processing of social cues in women taking OC and women during mid-cycle.
INTRODUCTION
Robust sex differences exist in face perception. A meta-analysis exploring sex differences in the development of facial-emotion recognition showed that the origins of this female advantage might be present already in the first year of life (McClure, 2000) . Both behavioral and neuroimaging studies agree that the recognition of facial emotions and the related neural architecture continue to develop throughout childhood and adolescence (Herba and Philips, 2004) and that the peak in emotion recognition is reached in young adulthood (Sullivan et al., 2007) . While the presence of sex differences in emotion recognition in the first year of life suggests a possible role of genes and/or prenatal exposure to androgens, it seems that postnatal sex hormones might play a role in face perception as well (e.g. Derntl et al., 2008) . Sex differences in face perception and emotion recognition vary in their magnitude. Women outperform men in face detection, the very first stage of face perception (Cohen's d ¼ 0.91; McBain et al., 2009) . Women also outperform men in accuracy and speed of recognizing emotions in faces (Cohen's d ¼ 0.3-0.4; Kirouac and Dore, 1985; Rahman et al., 2004; Hall and Matsumoto, 2004; Hampson et al., 2006) , including situations when emotions are displayed at lower intensities (Montagne et al., 2005) . This female advantage in emotion recognition was predicted by both dwell time and number of fixations to the eyes when scanning the face (Hall et al., 2010) .
Sex differences in neuroimaging findings parallel these behavioral differences in face perception. Schulte-Rüther et al. (2008) reported that during perception of emotional faces, women (vs men) had higher blood oxygenation level-dependent (BOLD) response in face processing regions, such as the right superior temporal sulcus (STS) . A large study of typically developing adolescents (518 males and 592 females) found that females watching emotionally ambiguous faces had a stronger BOLD response than males in a number of cortical regions, including the fusiform face area (FFA) (Tahmasebi et al., 2012) , a region selectively involved in the perception of faces (Kanwisher et al., 1997) . As mentioned above, sex hormones might, in part, explain the presence of the above sex differences. As estrogen enhances performance on sexually dimorphic tasks that favor women (e.g. verbal memory) and impairs performance on tasks that favor men (Hampson and Kimura, 1988; Sandres et al., 2002) , estrogen might also modulate face perception. Miyahira et al. (2000) found that sex differences in exploratory eye movements emerge alongside hormonal changes following puberty and disappear following menopause, thus suggesting that some (general) aspects of visual information processing might be regulated by sex hormones.
In this study we wanted to explore whether variations in sex hormones influence brain response to faces. Menstrual cycle and the use of oral contraception (OC) provide an opportunity to study such effects given the fluctuations in sex hormones associated with both. Since estrogen and progesterone levels are higher during mid-cycle than menstruation, we hypothesized that women would have higher BOLD response to faces in the face processing network in general, and in the FFA in particular, during mid-cycle. We also predicted that women taking OC, and therefore having higher levels of estrogen and progesterone due to exogenous hormones, would have higher BOLD response to faces compared with freely cycling women. In addition, we also explored whether the duration of OC use modulates the FFA response in a dose-related manner.
We replicate these findings in a sample of adolescent females, thus exploring whether the effects of OC on FFA BOLD response can be detected as early as adolescence. Given the expected dose effect of OC use duration, we predicted that the effect of OC on BOLD response in FFA would be most likely smaller in adolescents compared with adult women. Finally, we tested whether such effects of sex hormones on brain response to faces might be reflected in the pattern of eye movements scanning the face. Therefore, we conducted an eye-tracking study using the same face stimuli in another sample of women; we predicted that women using OC might show longer fixations to the eye region. 
Design
In order to schedule the MR visits, each participant filled a brief questionnaire about their menstrual cycle (average length of cycle, average length of menstruation, date of last menstruation, brand and duration of OC use), and tracked basal body temperature for one menstrual cycle prior to scanning. This information was taken into account when scheduling the subsequent visits. Basal body temperature was measured orally right after awakening so that the $0.58C increase in temperature just prior mid-cycle could be detected. All 20 participants provided a blood sample and took part in a structural MRI session four times: (i) menstruation (Day 5 AE 2 days); (ii) follicular phase (Day 11 AE 2 days); (iii) mid-cycle (Day 15 AE 2 days); and (iv) late luteal phase (Day 28 AE 2 days). The structural MRI session included T1-weighted (T1W) images, magnetic transfer ratio (MTR) and diffusion tensor imaging (DTI). In addition, functional MRI (fMRI) data were collected twice: at menstruation and mid-cycle. Phases of the menstrual cycle were counterbalanced across the two visits. At the first visit, six women from each group (pill and no pill) were scanned during menstruation and four women from each group were scanned during mid-cycle (and vice versa at the second visit).
Sex hormones
Blood samples were collected between 9 am and 10:30 am and serum was analyzed at clinical hematology laboratory at the Queen's Medical Centre, Nottingham, UK. Levels of 17-oestradiol were obtained via the ADVIA Centaur Estradiol assay (Siemens) and levels of progesterone via ADVIA Centaur Progesterone assay (Siemens). Both immunoassays used direct chemiluminescent technology and the ADVIA Centaur System (Siemens).
The ADVIA Centaur estradiol assay is a competitive immunoassay method employing a sheep anti-E2 monoclonal antibody labeled with acridium ester. Functional sensitivity is 0.019 ng/ml and specificity is high. Cross reactivity with estradiol derivatives, estriol, estrone, testosterone and testosterone derivatives was <0.5%. Cross reactivity with ethinyl estradiol was 0.037%. Analytical measurement range was 0.0118-3 ng/ml.
The ADVIA Centaur progesterone assay employs acridinium ester-labeled mouse monoclonal anti-progesterone antibody in the Little Reagent. Sensitivity of the ADVIA Centaur Progesterone assay was 0.21 ng/ml and the specificity was high. Cross-reactivity was 0.95% for corticosterone, 0.46% for pregnenolone, 0.31% for 17--hydroxyprogesterone, 0.08% for 11-deoxycorticosterone and was not detectable for cortisol, testosterone, aldosterone, androstenediol, 11-deoxycortisol, danazol, prednisolone, 17--estradiol, estrone, estriol, clomiphene and bromocryptine. Analytical measuring range was 0.21-60 ng/ml.
Magnetic resonance imaging: acquisition
Scanning was carried out on a 1.5T Philips scanner. We acquired TIW 1-mm isotropic images and BOLD T2*-weighted gradient-echo, echo-planar images (EPI; matrix size 64 Â 64, TE ¼ 50 ms, TR ¼ 3000 ms, 180 volumes, voxel size 4 Â 4 Â 4 mm 3 ). Each EPI image covered the whole brain and consisted of 32 axial slices.
Functional paradigm: the face task Participants passively viewed black-and-white videoclips of faces with ambiguous (e.g. twitching their nose, blinking their eyes, opening their mouth) and angry expressions (Grosbras and Paus, 2006) . In both videoclips the gaze of the actor is direct and forward. This paradigm is identical to the one used in the Tahmasebi et al. (2012) study of typically developing adolescents. Each condition/block lasted for 18 s and included seven to eight videoclips of faces with either ambiguous or angry expression. Non-biological motion (moving circles) was used as a control condition. Henceforth, the term 'angry condition' refers to the 'angry-control' contrast and the term 'ambiguous condition' refers to the 'ambiguous-control' contrast.
fMRI: preprocessing and analysis All brain-imaging data were processed with fMRI Expert Analysis Tool (FEAT), FSL version 4.1. (FMRIB Software Library, www.fmrib.ox.ac. uk/fsl). Pre-processing consisted of motion correction using MCFLIRT, spatial smoothing using Gaussian kernel of FWHM 8 mm and high-pass filter of 100. fMRI were registered to each participant's T1-weighted images that were, in turn, registered to the standard space (152-MNI brain, 2 mm) using non-linear registration.
Outcomes of nonlinear registration and MCFLIRT motioncorrection were checked. Imaging data affected by translations larger than 2 mm and rotations >28 (0.035 rad) were flagged; this was the case for two women in each group (one session each). For these two images, a confounder variable identifying volumes of no interest was created by fsl_motion_outliers (FSL 4.1.1), added to the design of first level analysis, and new outputs of first level analysis for these two subjects were created.
Functional data were analyzed using a 2 (pill: yes, no) by 2 (phase: menstruation, mid-cycle) analysis of variance (ANOVA). Cluster-based thresholding was used to correct for multiple comparisons: First, images were thresholded voxelwise at z ¼ 1.7. Second, random field theory was applied to identify clusters that are big enough for the z ¼ 1.7 to ensure an overall (family-wise) P < 0.05. The minimal cluster size of the group analysis output (resampled to 2 Â 2 Â 2 mm) for this P-threshold was 252 voxels.
In order to explore the effect of OC duration on mean BOLD response in FFA, the voxelwise approach was complemented by a region-of-interest (ROI) analysis focusing on the FFA. Similar to Tahmasebi et al. (2012) , masks for right and left FFA were created separately for ambiguous and angry condition in the following way: First, we created thresholded images of z-statistics (z > 2.3) for the following four groups: (i) OC during menstruation; (ii) OC during mid-cycle; (iii) freely cycling during menstruation and (iv) freely cycling during mid-cycle. Second, an intersection with Tahmasebi et al.'s (2012) FFA mask was created for each of these four images. Third, a union of these four intersections was created. This was repeated separately for the ambiguous and angry contrasts, respectively ( Figure 3A ). Mean BOLD response in these unionized masks was calculated by Featquery (FSL 4.1.1) and its relationship with OC duration was assessed.
EXPERIMENT II: fMRI IN ADOLESCENT GIRLS Methods and materials Participants A total of 110 adolescent girls were recruited in the context of a European multi-site study Imagen (Schumann et al., 2010) . All girls were between 13.5 and 15.5 years of age and post-menarcheal (94 in Tanner stage 4, 16 in Tanner stage 5). Local ethics boards approved the study protocol; the parents and adolescents provided written informed consent and assent, respectively. While the whole Imagen study contains data for 2117 adolescents (1041 females), only 55 female adolescents were taking OC. We matched these 55 adolescent girls taking OC with 55 freely cycling adolescent girls by age (in months), Tanner pubertal stage and the acquisition site. Information about the type of OC and the length of use was not collected. Possible group differences in personality traits were assessed with NEO-FFI (Costa and McCrae, 1989) .
MRI: acquisition and task
Scanning was carried out on 3T scanners from four different manufacturers (Siemens at four sites, Philips at two sites, General Electric and Bruker at one site, respectively). This report utilizes T1-weighted images (TE ¼ 2.8 ms, TR ¼ 2300 ms, voxel size 1 Â 1 Â 1 mm 3 ) and BOLD T2*-weighted gradient-echo, EPI (matrix size 64 Â 64, TE ¼ 30 ms, TR ¼ 2200 ms, 160 volumes, voxel size 3.4 Â 3.4 Â 3.4 mm 3 ). Participants viewed the same stimuli as in Experiment I, namely the black-and-white videoclips of faces with ambiguous and angry expressions (Grosbras and Paus, 2006) .
Functional paradigm: preprocessing and analysis
Preprocessing steps were identical to those of Experiment I, with the exception that spatial smoothing used Gaussian kernel of FWHM 7 mm (in accordance with the voxel size of the raw images). No imaging data were affected by head motion larger than 2 mm [translations larger than 2 mm and/or rotations >28 (0.035 rad)].
Voxelwise analysis used an unpaired t-test design to explore the effect of pill on BOLD response to faces. Similarly to Experiment I, the correction for multiple comparisons was done using cluster-based thresholding: First, voxelwise images were thresholded at z ¼ 1.7, and second, random field theory was applied to identify clusters that are big enough for the z ¼ 1.7 to ensure an overall (family-wise) P < 0.05.
A ROI analysis focused on the FFA. As described above (Experiment I), masks for right and left FFA were created separately for ambiguous and angry condition in the following way: First, we created thresholded images of z-statistics (z > 2.3) for the following two groups: (i) OC and (ii) freely cycling girls (n ¼ 55 for each group). Second, an intersection with Tahmasebi et al.'s (2012) FFA mask was created for each of these two images. Third, a union of these two intersections was created. This was repeated separately for the ambiguous and angry contrasts, respectively ( Figure 3B ). Mean BOLD response in these unionized masks was calculated by Featquery (FSL 4.1.1).
EXPERIMENT I: fMRI IN YOUNG WOMEN Results
Information about the length of menstrual cycle and length of menses for both pill and no-pill group are provided in Table 1 .
Sex hormones
Levels of estrogen and progesterone (means and standard deviations) during menstruation and mid-cycle in women from the pill and no pill group are provided in Table 2 . For estradiol, a two-way repeated measures ANOVA showed main effects of Pill [F (1,36) 
, and a Pill Â Phase interaction (F (1,36) ¼ 9.6, P < 0.01). Student-t post hoc analyses showed that estradiol levels were higher in freely cycling women during mid-cycle compared with menstruation (t ¼ 4.09, P < 0.002), higher in freely cycling women than in OC women during mid-cycle (t ¼ À4.6, P < 0.001) but not during menstruation (t ¼ À0.22, P ¼ 0.83). For progesterone, a two-way repeated measures ANOVA showed main effect of Pill [F (1,36) 
. Student-t post hoc analyses showed that progesterone levels were higher in freely cycling women during mid-cycle compared with menstruation (t ¼ 2.9, P ¼ 0.01), higher in freely cycling than in OC women during mid-cycle (t ¼ À3.34, P < 0.01), but not during menstruation (t ¼ À0.33; P ¼ 0.75).
fMRI: voxelwise analysis A two-way ANOVA showed significant main effects of Pill, Phase and an interaction between the Pill and Phase (Tables 3-8, Figure 1A and B). In the pill group (vs no pill group), we observed a stronger BOLD response in the right FFA to both ambiguous and angry faces. When watching angry faces, a stronger BOLD response in right FFA was also observed in the mid-cycle (vs menstruation) phase.
fMRI: ROI analysis of the FFA response A two-way repeated measures ANOVA showed significant effect of Pill use on the mean BOLD response in the right FFA (Figure 2A , Tables 9  and 10 ). There was no effect of Phase and no interaction between the Pill and Phase in the left or right FFA. Mean BOLD response in the right FFA was higher in the pill group (vs no pill group) in both ambiguous [F (1,36) 
Mean BOLD response in the left FFA did not show any significant differences between the pill and no pill group in the ambiguous [F (1,36) ¼ 1.58, P ¼ 0.22] or angry condition (F (1,36) ¼ 0.79, P ¼ 0.38). These results are consistent with those of the voxelwise analyses reported above.
A three-way repeated measures ANOVA was used to assess the effect of Pill, Cycle and Condition on BOLD response in the right FFA; it confirmed the significant effect of Pill (F ¼ 4.23, P ¼ 0.05) and Phase (F ¼ 5.06, P ¼ 0.04) and showed no effect of Condition (F ¼ 0.11, P ¼ 0.75) or any condition-related interaction (Pill Â Condition: Sex hormones and brain response to faces SCAN (2014) repeated-measures ANOVA assessing the effects of Pill, Phase and Condition on BOLD response in the left FFA showed a Phase Â Condition interaction (F ¼ 5.35, P ¼ 0.03) and as expected, no effect of Pill ( fMRI: ROI analysis of the amygdala response Even though the voxelwise results showed no effect of Pill, Phase or Pill Â Phase interaction on BOLD response in amygdala, we have conducted an ROI analysis of the amygdala response upon reviewer's suggestion and we report these results in supplementary material.
Sex hormones and FFA BOLD response
We also explored effects of estrogen and progesterone on BOLD response in the right FFA using a three-way repeated-measures ANOVA, which examined the effect of Estrogen (log-transformed values), Pill and Phase on BOLD response in right FFA. This analysis revealed a significant three-way interaction in both the ambiguous (F ¼ 23.79, P < 0.0001) and angry condition (F ¼ 12.79, P ¼ 0.001). We explored this interaction using two-way ANOVA examining the effects of Pill and Estrogen separately for menstruation and mid-cycle. No significant effects were found in mid-cycle. During menstruation, the interaction between Estrogen and Pill was significant (Ambiguous: F ¼ 18.69, P ¼ 0.0005; Angry: F ¼ 1.49, P ¼ 0.01): the BOLD response increased as a function of estrogen in freely cycling women [Ambiguous: t(9) ¼ 2.8, P ¼ 0.02; Angry: t(9) ¼ 2.24, P ¼ 0.06) but decreased as a function of estrogen in OC women [Ambiguous: t(9) ¼ À3.28, P ¼ 0.005; Angry: t(9) ¼ À0.89, P ¼ 0.4]. No significant effects of progesterone were observed.
Duration of OC use
One woman from the pill group (n ¼ 10) had to be excluded from this analysis because of missing information about OC use-duration. As shown in Figure 1C ]. While mean BOLD response in the right FFA was also increasing as a function of OC duration during the angry condition [F (1,14) ¼ 5.7, P ¼ 0.03, R 2 ¼ 0.13], no effect was found in the ambiguous condition [F (1,14) ¼ 2.48, P ¼ 0.14]. Note, however, that these results did not survive correction for multiple (four) comparisons.
Given a negative trend between Pill Duration and Age (r ¼ À0.44, P ¼ 0.07), we also checked possible effects of Age on the FFA response to faces; none were significant.
EXPERIMENT II: FMRI IN ADOLESCENT GIRLS Results fMRI: voxelwise analysis
The pill vs freely cycling contrast showed one significant cluster in the right caudate region (z ¼ 3.71; x ¼ 12, y ¼ 2, z ¼ 16) in the angry condition and no significant clusters in the ambiguous condition. The freely vs pill contrast showed one significant cluster in the right thalamus region (z ¼ 3.87; x ¼ 6, y ¼ À12, z ¼ 14) in the angry condition and no significant clusters in the ambiguous condition. Figure 2B .
A two-way repeated-measures ANOVA examining the effect of Pill, Condition and Pill Â Condition interaction on BOLD response in the left FFA confirmed the main effect of Pill (F ¼ 4.0, P ¼ 0.048) and showed no effect of Condition (F ¼ 0.88, P ¼ 0.35) or Pill Â Condition interaction (F ¼ 1.59, P ¼ 0.21). A two-way repeated-measures ANOVA examining the effect of Pill, Condition and their interaction on BOLD response in the right FFA showed no significant results (Pill: F ¼ 0.97, P ¼ 0.33; Condition: F ¼ 0.001, P ¼ 0.98; Pill Â Condition: F ¼ 0.85, P ¼ 0.36). Adding Laterality to the whole model and testing it with a three-way ANOVA confirmed the effect of Pill (F ¼ 7.33, P ¼ 0.007) and showed no effect of Laterality (F ¼ 2.5, P ¼ 0.11), Condition (F ¼ 0.13, P ¼ 0.72) or any related interaction (Pill Â Laterality:
fMRI: ROI analysis of the amygdala response Upon reviewer's suggestion we have conducted ROI analysis of the amygdala response also in Experiment II and we report these results in supplementary material. 
EXPERIMENT III: SCANNING EYE MOVEMENTS Methods and materials
In order to assess whether the above group differences in the FFA response to faces might be explained by a different pattern of eye movements while scanning the face, we conducted a behavioral eye-tracking study in another sample of women. Morris et al. (2007) experimentally manipulated scanpath during face viewing and showed that atypical scanpaths (i.e. less fixations to the eye region) are associated with lower BOLD response in the FFA. Participants were tested during the second, third or fourth day after the end of their period. This timing was chosen to maximize the difference in estrogen levels between the pill and freely cycling women; while women taking OC were already receiving artificial estrogens, freely cycling women had still very low levels of endogenous estrogens.
Procedure
An eye-tracking system (EyeLink II) was used to record eyes movements of the participants while they were watching the angry and ambiguous face videoclips used in Experiment I. Participants were sitting 91 cm from the monitor and were viewing 8-cm long faces under a visual angle of 58; this corresponds to the angular size employed in Experiment I. Chin rest was used to minimize head movements. The eye-tracker was calibrated before each 18-s block of videoclips. 
EXPERIMENT III: SCANNING EYE MOVEMENTS Results

Discussion
Results of the voxelwise analysis showed that women taking OC compared with freely cycling women, as well as women during mid-cycle compared with menstruating women, had stronger BOLD response to faces in the right FFA, and several other brain regions (e.g. IFG, STS and middle temporal gyrus). This finding is consistent with those of Dietrich et al. (2001) who scanned women performing a verbal task and mental rotation tasks at different phases of menstrual cycle and showed that female sex hormones had a profound effect on the magnitude, but not lateralization or localization, of brain responses associated with these tasks. The fact that these pill/phase-related effects reported in our study were most pronounced in the right FFA is also consistent with our previous observation, made in a large group of adolescents using the same face paradigm, of the largest sex difference in the brain response to faces (female > male) being present the right FFA (Tahmasebi et al., 2012) .
Focusing on the FFA, we also found that the mean BOLD response in this cortical region increased as a function of OC use duration; women who used OC longer had a stronger BOLD response in the left FFA while viewing both ambiguous and angry faces, and in the right FFA while viewing angry faces. Even though these effects of OC duration did not survive correction for multiple comparisons, they are suggestive of a dose-response relationship between the OC use and the brain response to faces.
As expected, plasma levels of estradiol were significantly higher in the freely cycling women compared with women taking OC (but note Sex hormones and brain response to faces SCAN (2014) the high inter-individual variations in hormone levels). It should be noted, however, that this observation concerns endogenous sex hormones only (describerd later) and, as such, can be potentially misleading with regards to the interpretation of our findings. Standard assays are designed to measure these naturally occurring (endogenous) forms of estradiol. Contraceptive steroids, however, show only a limited cross-reactivity with the antiserum used in the standard assays (Hampson and Young, 2007) . Therefore blood samples processed with the standard assays do not reflect the overall levels of female sex-steroids (Hampson and Young, 2007) . But artificial sex steroids (ethinyl estradiol) contained in OC are biologically active: 'ethinyl estradiol binds to the estrogen receptor complex and enters the nucleus activating DNA transcription of genes involved in estrogenic cellular responses ' (Medical Dictionary, 2011) . OC provides constant levels of estrogen and progestin in the blood and thus suppresses the pulsatile release of FSH and LH from the anterior pituitary; during the pill-active phase, women taking OC are exposed daily to a high influx of ethinyl estradiol. (2005) and measured in freely cycling women in the current study (estradiol) during ovulation (597.68 pmol/l). An indirect evidence of higher estrogen levels in OC women comes from studies exploring the effects of estrogen on tasks that are known to show a female 'advantage', such as episodic (Herlitz and Rehnman, 2008) or verbal (Kimura, 1999) memory, or female 'disadvantage', such as spatial skills (Geary and DeSoto, 2001) . Rosenberg (2002) showed that women taking OC reached better verbal scores but worse spatial scores compared with freely cycling women. Worse performance on visuospatial task in OC vs freely cycling women was also reported by Wharton et al. (2008) . Mordecai et al. (2008) reported that OC users showed enhanced verbal memory during the active pill phase, while freely cycling women did not show any difference. We have shown clear sex differences using the face task employed here: female adolescents have a stronger FFA response to ambiguous faces than male adolescents (Tahmasebi et al., 2012) . Thus, we observe a similar directionality in the FFA response to faces across sex (female > male), cycle (mid-cycle > menstruation) and OC (pill > no pill). Nonetheless, whether estradiol is the common element binding together these three phenomena remains to be tested in future studies.
Interpretation of the observed correlations between (endogenous) estradiol and BOLD in right FFA is challenging. First of all, the fact that these hormone-brain relationships hold only when the estrogen levels are very low (menstruation) suggests a fast saturation of the hormonal effects. Second, the opposite direction of this relationship in the two groups might reflect either the different state ('plasticity'described later) of the system in the long-term users of OC and/or the reciprocal relationship between endogenous and synthetic hormones in OC women. The latter could be related, for example, to the variation in the rate of EE metabolism: slow metabolizers of EE may still have relatively high levels of EEand therefore low levels of (endogenous) Ein their system during menstruation and, as such, the observed inverse relationship between E and BOLD may, in fact, reflect positive relationship between EE (not measured) and BOLD.
While the voxelwise results of Experiment II did not replicate findings from Experiment I, results of the ROI analysis of Experiment II showed an enhanced BOLD response in FFA in OC compared with freely cycling adolescent girls, thus replicating results obtained in Experiment I in a sample of adolescent girls. Note that we designed Experiment II as a replication of the FFA effects observed in Experiment I; voxelwise analysis was added only for completeness of the reporting. The effect of pill on FFA BOLD response was in the medium range for both samples, but still slightly higher in the adults compared with adolescents. The fact that the group differences in the FFA response to faces are smaller in the adolescent sample, as compared with the young women, is consistent with the overall shorter duration of the OC use in the adolescent sample. Smaller effect size in the sample of adolescents might be also related to the fact that the adolescent girls were not tested during a particular phase of their cycle, which could have added noise to the pill effect. As shown in Figure 2B , both right and left FFA showed the same direction for the effect of pill (pill > freely) on BOLD response and a three-way ANOVA examining the effects of pill, condition and laterality on the FFA BOLD response showed an effect of pill but no effect of laterality or any laterality-related interaction.
Results from Experiment III showed that women taking OC did not differ from freely cycling women in their pattern of exploratory eye-movements while viewing the same videoclips of faces employed in Experiment I. Although Dalton et al. (2005) showed that persons with autism who made fewer fixations on the eyes of a displayed face had a lower BOLD response in FFA than those who made more fixations on the eyes, and Morris et al. (2007) manipulated scanpaths within healthy individuals and found that 'atypical' scanpaths of faces were associated with lower BOLD response in FFA, both authors agree that under free-viewing condition healthy participants did not show any correlation between scanpath and FFA response. If not the pattern of eye movements, what else might underlie the observed group differences in the FFA response?
It is possible that women taking OC pay closer attention to the cues carried by the face when processing, for example, the biologically significant regions of the face, such as the person's eyes and their direction (gaze). It is known, for example, that attention to visual cues increases activity in extrastriate visual cortex and anterior temporal region (Lane et al., 1999) . Kastner et al. (1999) demonstrated that directing attention to a particular location, and expecting the occurrence of visual stimuli at that location, increases BOLD response of human visual cortex even in the absence of visual stimulation. Palermo and Rhodes (2007) supported these results and showed that the neural responses in face-selective cortex are larger for attended compared with ignored faces. Petrovic et al. (2008) showed that during evaluation of conditioned faces oxytocin modulated BOLD response in the fusiform gyrus and amygdala. Given the modulatory role of estrogens on oxytocin (Silber et al., 1987; Stock et al., 1994; McCarthy, 1995) , future research might consider the possible effect of oxytocin on attention and the possibility that estrogen effects on brain response to faces might be mediated by oxytocin.
We do not know whether the effect of OC on brain response to faces has any behavioral consequences. It is possible that women taking OC might demonstrate a better detection and/or recognition of faces in tasks where sex differences between males and females have been described (Kirouac and Dore, 1985; Hall and Matsumoto, 2004; Rahman et al., 2004; Montagne et al., 2005; Hampson et al., 2006; McBain et al., 2009) . Since these studies report small to medium effect size for differences between males and females, it is very likely that the effects of OC would be only small and a larger sample size would be necessary to detect them.
While replicating the effect of pill on BOLD response in FFA in two independent samples (Experiment I and II) is strength of this study, using a third sample for collecting purely behavioral data is a limitation. Conducting a multimodal study that would record scanpaths during the fMRI task and had a bigger sample size would be ideal.
Nonetheless, we used the same recruitment criteria (women, 18-29 years old, of white Caucasian background) and the same stimuli (Grosbras and Paus, 2006) in Experiment I and III.
Use of OCs exposes women to exogenous estrogen and progesterone, suppresses the release of FSH and LH and lowers levels of endogenous estrogens and progesterones. Use of OCs also lowers levels of testosterone (Graham et al., 2007; Hietala et al., 2007) . In the current study, both the pill vs no pill and the mid-cycle vs menstruation contrasts showed a higher BOLD response in the right FFA, suggesting a similarity in the modulation of the brain response to faces in this region between the two hormonal states. But the exact mechanisms underlying such a similarity are unknown and may include, for example, OC-related variations in other hormones (e.g. low levels of testosterone) or long-term effects of OC at the level of the brain (see below).
Future studies may explore, for example, the effect of progestin-only pills on brain response to faces; this would allow us to ascertain whether the observed effects are related to the progestin part of the combined oral contraceptives used by women included in the present study or whether they might be related to the stimulating effects of estradiol. It would be also helpful to measure levels of androgens. But the exact mechanisms underlying effects of sex hormones are best addressed in experimental models. In this context, it is of interest to note the work of Follesa et al. (2001) who showed that long-term exposure to OC decreases levels of progesterone and its metabolite allopregnanolone in the rat brain, and in turn, increases expression of GABAa subunits in the cerebral cortex. Similarly, Smith (1994) reviewed several mechanisms by which estradiol might amplify neuronal excitability, including those involving excitatory (e.g. synthesis, degradation and release of glutamate) and inhibitory (reduction of GABA) neurotransmission. It is unclear, however, how such effects combine over time and whether the net outcome of the long-term use of OC is an increase or decrease in cortical excitability. The positive relationship between the duration of OC use and the FFA response to faces observed in our study suggests that the net effect of OC might be that of a higher excitability; this hypothesis can be explored, for example, in studies of cortical excitability with paired-pulse transcranial magnetic stimulation (Wassermann et al., 2008) .
Conclusion
This study examined the effects of female sex hormones on BOLD response to faces. Women taking OC (vs freely cycling women) and women during mid-cycle (vs menstruation), were found to have a stronger BOLD response in the right FFA (and several other cortical regions). Stronger BOLD response to faces in the FFA was also found when comparing OC and freely cycling adolescent girls. The behavioral study suggests that these group differences are not related to the pattern of exploratory eye movements while viewing faces. The mean BOLD response in FFA also increased as a function of OC use duration, supporting the possibility of a long-term plasticity-like adaptation related to the use of OC.
